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Abstract 
An application of additional harmonic cavities operating at multiplies of the main RF system frequency of 400 MHz is currently 
under discussionin the framework of the High Luminosity LHC upgrade program [1,2]. A structure consisting of two 800 MHz 
single cell superconducting cavities with grooved beam pipes coupled by drift tubes has been suggested for implementation. 
However, it is desirable to increase the number of single cells installed in one cryomodule in order to decrease the number of 
transitions between “warm” and “cold” parts of the collider vacuum chamber. Unfortunately, it can lead to the appearance of 
higher order modes (HOM) trapped between the cavities. In order to solve this problem the methods of HOM damping with 
rectangular waveguides connected to the drift tubes were investigated and compared. We describe the results obtained for arrays
of 2, 4 and 8 cavitiesin this paper. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility ofthe National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). 
Keywords:higher order modes; harmonic cavities; large hadron collider; superconducting cavities
* Corresponding author. Tel.: +7-916-630-68-99 
E-mail address:shashkovyv@mail.ru
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)
 Ya.V. Shashkov et al. /  Physics Procedia  74 ( 2015 )  116 – 123 117
1. Single cell cavities 
1.1. Structure 
An initial design of the harmonic cavity was obtained by scaling (reducing) the size of the LHC accelerating  
cavity operating at 400 MHz by a factor of 2 (Fig. 1) [3].  HOM damping is carried out with four couplers: two 
dipole and two broadband couplers. Unfortunately, these couplers have some drawbacks, including a violation of the 
cylindrical symmetry of the electromagnetic field in the structure, which gives rise to the transverse component of 
the electric field (kick-factor) and the complexity of the installation of robust power coupler on the same pipe with 
HOM couplers and possibility of multipacting discharges. That is why several alternative HOM damping techniques 
have been studied (Figs. 2-4) [4]. 
Fig. 1.Accelerating cavity with HOM couplers. 
1.2. Grooved beam pipe 
The frequency of dipole HOMs lies below the cut-off frequency of the TE11 wave and therefore cannot 
propagate along the drift tube in the structure shown in Fig. 1. The main feature of the structure from Fig. 2 is that 
the HOMs frequencies decrease to the beam pipe cut-off frequency level and beyond, which allows to provide 
Fig. 2. (a)Structure with grooved beam pipe; (b)its transverse wake potential and (c) longitudinal impedance for cavity. 
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 damping with a load placed in the drift tube outside the cryomodule. The results of wake field simulations 
conducted with ABCI code [5] and CST [6] has clearly demonstrated that we managed to obtain a truly “single 
mode” cavityin these structures. We should not expect multibunch instabilities since the wake field decays 
completely at the distance of 15-25 m, which corresponds to the actual LHCbunch separation of 50 ns. The results 
obtained for single cell structures with grooved, fluted and ridged beam pipes are similar. In all the structures 
external Q values (Qext) arebelow 100 for all HOMs (except for a few modes with low shunt impedance to Q (R/Q) 
ratio) resulting in a very fast wake field decay. This is why we have also proposed to combine two such cavities 
connected by smaller radius beam pipe in a single cryostat. 
Fig. 3.(a)Cavity with fluted beam pipe; (b)its transverse wake potential;(c) longitudinal impedance and (d) transverse impedance for cavity with 
fluted drift tube. 
1.3. Fluted beam pipe 
Another type of cavity, which provides conditions for HOM damping, is the structure with fluted beam pipe [7] 
(Fig. 3). The dependence of the cutoff frequency on E01, H11 and H21 modes on the size of the drift tube was 
investigated in CST Microwave Studio. It was found that the outer radius of irregularities has a strong influence on 
the cutoff frequency of the waves, and TE11 and TE21, respectively, damping of TE111, TE211 and TM110, 
TM210. Also,a configuration with three flutes arranged at 120 degrees instead of four as in [7] significantly 
increases the level of damping for the quadrupole HOM. 
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1.4. Ridged beam pipe 
The fluted beam pipe damping efficiency will improve if we reverse flutes inward the beam pipe (Fig. 4a). In this 
case, the cut off frequencies for quadrupole and dipole modes decrease, allowing to reduce the beam pipe radius. 
The calculated wake field decays for this structure is shown in Fig. 4b.
As it can be seen, the wake potential decays very fast in this case, too. On the other hand, the cut-off frequency of 
E010 mode is also lower for this configuration, which can lead to a deeper penetration of the working mode towards 
the load. To prevent decreasing Q0 of the working mode the beam pipe length can be chosen to be longer than that in 
the fluted bam pipe case. Sharp peaks on the HOM monopole (Fig. 4c) and dipole (Fig. 4d) impedance plotsare not 
observed. 
2. An array of two cells 
Since the options with single-cell cavities have shown good results for HOM damping in order to reduce the 
number of transitions between cold and warm part of the cryomodule, we can combine several of these resonators in 
the chain of not interacting with each other resonators. Previously, such calculations were performed for a chain of 
two resonators with grooves [4]. The decay rate of the induced potential in this structure proved to be very high and 
therefore the induced potentials for a structure with a non-cylindrical drift tube and a drift tube with channels 
combined into a chain of resonators (Fig. 5, 6)were calculated. Fig. 5b shows that the induced potential falls to near 
zero when the distance between the beams is 15 m. There is no sharp peak as shown in the plots of transverse 
(Fig. 5c) and longitudinal (Fig. 5d) impedances, which indicates the effectiveness of this dampingmethod. The 
results for structure showed in Fig. 6 are similar to those obtained for structure with ridged beam pipe. 
Fig. 4.(a) Cavity with ridged beam pipe;(b)transverse wake potential;(c)longitudinal impedance and (d) transverse impedance for cavity with a 
ridged drift tube. 
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3. HOM damping with waveguides 
We can conclude that in an array of two cavities HOM damping is not a problem. But if we want to increase the 
number of cells, we will face a problem of parasitic modes damping trapped in a drift tube between the cells (see 
Fig. 7 for example). Extraction of the trapped modes power could be obtained with waveguides attached to the 
connecting drift tubes (Fig. 8a). A solution with “wings” has proven to be effective in the extraction of fields 
propagating along the beam pipes [8]. At a certain length of the connecting drift tube and the waveguide, the fast 
decay of the wake potential is provided and, respectively, the absence of sharp peaks in the graph of the transverse 
impedance is observed. However, the longitudinal impedance exhibits several peaks that can be potentially 
dangerous (Fig. 8b). These peaks correspond to the monopole HOMs. The extraction of this HOMs is complicated 
by the fact that the wave,which they excite in the waveguide, does not propagate through since the cut-off frequency 
of this wave is much higher than the frequency of these HOM. 
Fig. 5.(a) Array of cavities with ridged beam pipes.(b)Transverse wake potential;(c) transverse impedance and (d) longitudinal impedance for 
array of cavities with ridged beam pipes. 
Fig 6. Array of cavities with fluted beam pipes. Fig. 7. Distribution of the electric field of trapped modes. 
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Fig. 8.(a) Array of two cells with wing type waveguides and (b) longitudinal impedance.
The waveguide width has been greatly increasedin order to provide the conditions for monopole modes damping
(Fig. 9a). The number and the amplitude of the peaks is significantly decreased thereafter (Fig. 9b). 
 Fig. 9. (a) Array of cavities with wide waveguides and (b) longitudinal impedance.
Unfortunately, the use of such large waveguides can also break the cylindrical symmetry of the fundamental
wave, giving rise to transverse impedance, the same device can be a rather complicated to manufacture. It was
therefore decided to add teeth in these waveguides (Fig. 10a), which reduce the cutoff for monopoly and other 
HOMs. This will significantly reduce the size of these waveguides. In such structure, the fast wake decay was
achieved (Fig. 10b), the absence of sharp peaks was obtained for both transverse and longitudinal (Fig. 10c)
impedance. 
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Fig. 10. (a) Array of cavities with ridged waveguides. (b) Wake potential and (c) longitudinal impedances for array of cavities with ridged
waveguides. 
4. Array of 4 cavities  
Since the results obtained for the structures in Fig. 10a were good enough for the structure consisting of four 
cavities (Fig. 11a), the wake potential and impedances were also calculated. As expected, the decay speed of the
wake potential was sufficiently high (Fig. 11b) and graphics of longitudinal and transverse impedance also did not 
reveal any presence of dangerous transverse and longitudinal HOMs. The results were similarfor arrays of6 and 8
cells.
Fig. 11. (a) Array of 4 cavities with ridged waveguides. (b) Transverse wake potential, (c) longitudinal and (d) impedance for an array of 4
cavities with ridged waveguides.
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5. Conclusion 
The simulation results and the following analyses show that all options with two cavities connected by the drift 
tube have no problems with HOM damping. In turn, the HOM damping in arrays of four cavities could also be 
efficient with the help of additional waveguides. 
Array of two cells with grooved beam pipes connected by the drift tubes in our opinion currently is the most 
suitable option as a candidate for harmonic cavity design due to: 
x an absence ofHOM; 
x no need to use for the HOM couplers; 
x anaxial symmetry of the cavity allows the same level of damping of HOM and greatly simplify manufacturing; 
x the detuning of the operating frequency due to the influence of the Lorentz force can be reduced by the addition 
of special ribs. 
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